Li diffusion parameters of a structurally disordered Li-Al-Si-oxide prepared by gas-phase synthesis were complementarily investigated by both time-domain NMR techniques and impedance spectroscopy. The first include 7 Li NMR spin-lattice relaxation (SLR) measurements in the laboratory as well as in the rotating frame of reference. An analysis of variable-temperature NMR line widths point to an activation energy E a of approximately 0.6 eV. The value is confirmed by rotating-frame SLR NMR data recorded at approximately 11 kHz. Above room temperature the low-temperature flank of a diffusion-induced rate peak shows up which can be approximated by an Arrhenius law yielding E a = 0.56(1) eV. This is in very good agreement with the result obtained from 7 Li spin-alignment echo (SAE) NMR being sensitive to even slower Li dynamics. For comparison, dc-conductivity measurements, probing long-range motions, yield E a = 0.8 eV. Interestingly, lowtemperature SAE NMR decay rates point to localized Li motions being characterized with a very small activation energy of only 0.09 eV.
Introduction
The precise measurement of diffusion parameters in solids is a vital topic in materials science [1] [2] [3] [4] . In particular, the investigation of Li dynamics over a wide length scale turns out to be highly important to understand the underlying structure-property relationships governing ion transport in materials being relevant for battery applications [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For instance, fast ion conductors are needed to develop powerful all-solid-state lithium-ion batteries which are regarded to play a key role in the development of new energy storage systems [16] [17] [18] .
In many cases the introduction of structural disorder leads to an improvement of the diffusion parameters. For example, Li diffusion in nanocrystalline LiNbO 3 (and LiTaO 3 ), [19] [20] [21] which was prepared by high-energy ball milling, is enhanced by several orders of magnitude compared to its structurally ordered crystalline counterpart. Especially in the case of amorphous materials, offering both local movement modes and long-range migration pathways, diffusion parameters such as jump rates and activation energies might differ from each other when probed on different length scales and time scales, respectively [20, [22] [23] [24] . In order to draw a complete picture of the different motions taking place in structurally disordered materials, dynamic parameters should preferably be probed by complementary techniques being sensitive to Li dynamics occurring on different time scales [10, 13, 25, 26] . Here, exemplarily a gasphase synthesized (metastable) non-stoichiometric amorphous oxide composed of Li, Si and Al served as a highly disordered model substance which was comprehensively investigated by both variable-temperature NMR and impedance spectroscopy.
The present study aims at the comparison of diffusion and transport parameters, respectively, obtained from quite different methods which are sensitive to short-range and long-range Li motions. In particular, besides NMR line shape measurements, variabletemperature 7 Li NMR spin-lattice relaxation (SLR) rates in both the laboratory and rotating frame of reference [24] have been measured. Whereas the first are sensitive to very fast Li motions with jump rates in the order of the Larmor frequency used, which is in the MHz range here, SLR rates probed in the rotating frame of reference are usually sampled at locking frequencies in the order of some kHz. Thus, the latter measurements are per se sensitive to much slower Li dynamic processes with jump rates in the order of 10 4 s −1 . Even slower Li jump processes were probed by the so-called NMR spinalignment echo (SAE) technique [22, 23, [27] [28] [29] [30] [31] [32] . 7 Li SAE NMR two-time correlation functions were recorded at different temperatures by the use of the Jeener-Broekaert pulse sequence. In this way, the method is sensitive to Li jump rates with values down to 10 1 s −1 [7, 28] . Finally, impedance spectroscopy measurements covering a frequency range from 10 Hz to 1 MHz complement the study.
Experimental
The non-equilibrium oxide studied was synthesized via a gas-phase reaction in a threezone tube furnace resulting in a metastable, highly non-stoichiometric powder containing Li, Al, Si, and O. The precursors used for the studied sample were pure lithium chloride (Sigma-Aldrich, > 99%), aluminum chloride (Sigma-Aldrich, 98%), and silicon tetrachloride (Riedel-de-Haen, > 99%). A detailed description of the procedure including the setup of the apparatus used for the gas-phase synthesis employed can be found in Refs. [33, 34] . Let us remark that the synthesis route chosen has the great advantage of providing a very easy way to adjust the sample stoichiometry. Up to now, we were able to synthesize a series of non-stoichiometric samples with quite different compositions. These are included in Fig. 1a; here, exemplarily the sample numbered "57" (marked with a cross) was studied. For comparison, the stoichiometric alumosilicates Fig. 1a ). This ratio was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The sample was found to be X-ray amorphous; scanning electron microscopy (SEM) images show that it consists of globular particles with diameters ranging from 200 nm to 750 nm (see Fig. 1b ).
Solid-state 7 Li NMR measurements, carried out to get insights into the Li dynamics of the amorphous oxide, were performed by using a modified Bruker MSL-100 equipped with a Kalmus 400 W amplifier. The spectrometer is connected to a fieldvariable Oxford cryomagnet which is operated at a (nominal) resonance frequency ω 0 /2π of 77.7 MHz. A standard broadband probe (Bruker) was used to sample NMR spectra and spin-lattice relaxation rates. The temperature in the direct neighbourhood of the sample was monitored with an ITC4 temperature controller (Oxford) using a Ni-CrNi thermocouple. All measurements were performed at temperatures ranging from 173 K to 453 K. The temperature was either adjusted by a stream of heated air (T > 300 K) or by freshly evaporated nitrogen (T < 300 K). Prior to the NMR measurements the sample was extensively vacuum dried and then fire-sealed in a glass tube (4 mm in diameter and 4 cm in length). 7 Li NMR spin-lattice relaxation rates 1/T 1 were acquired with the saturation recovery pulse sequence: 10 × π/2 − t i − π/2 [24, 35] . The π/2 pulse length was approximately 7 μs; the first 10 pulses, separated by a delay time of 50 μs, are used to destroy longitudinal spin magnetization M z (t). The subsequent recovery of M z (t) is recorded as a function of 14 different delay times t i (i = 1. . .14). Similarly, 7 Li NMR relaxation rates 1/T 1ρ in the rotating frame of reference were measured. For this purpose the spin-lock technique [35] [36] [37] [38] [39] [40] [41] was used to record M ρ (t lock ) transients. The duration of the locking pulse t lock was varied from 1 ms up to 40 s. The corresponding locking frequency ω 1 /2π was estimated to be of the order of ν lock = 11 kHz.
As already mentioned above, 7 Li NMR spin-alignment echoes were recorded using the pulse sequence introduced by Jeener and Broekaert [42, 43] 
where X and Y denote the phase shifts of the radio frequency (rf) pulses used. In the ideal case, the first two rf pulses, separated by the preparation time t p which has to be chosen as short as possible [30, [44] [45] [46] [47] [48] (here t p = 10 μs was used), create (quadrupolar) spin-alignment order. Li motions affecting quadrupole spin-order take place during the mixing period determined by t m (1 μs < t m < 100 s). The third or reading rf pulse of the Jeener-Broekaert pulse sequence transforms spin-alignment back into an observable transverse coherent magnetization giving rise to a stimulated echo at t = t p . Damping of the echo intensity S 2 with increasing mixing time leads to a two-time correlation function containing, in general, information on the dynamics [49, 50] as well as geometry [51] of the diffusion process studied. The recycle delay was set to at least 5 × T 1 .
Impedance measurements were carried out at frequencies ranging from 5 Hz to 13 MHz with a home-built impedance cell connected to an HP 4192A RF impedance analyzer. The cell was placed in a tube furnace controlled by an OMRON E5CK temperature unit. For the impedance measurements, the powder sample was pressed into a pellet without any binder by applying a uniaxial pressure of about 1 GPa. Pt electrodes were applied by using platinum powder of high purity (Merck, 99.9%). The resulting pellet had a thickness of about 1 mm and a diameter of 8 mm. In order to exclude the influence of water upon the measurements, the sample was heated above 400 K in a dry nitrogen atmosphere for several hours. Subsequently, the impedance spectra were recorded between room temperature and 670 K in the same atmosphere using a homebuilt impedance cell with a four-terminal configuration.
Results and discussion

7 Li NMR measurements
In many cases, a 7 Li NMR line-shape analysis provides first insights into the short time-scale Li ion dynamics of a given (diamagnetic) Li ion conductor. In Fig. 2a four selected NMR spectra recorded under static conditions at the temperatures indicated are shown. In the so-called rigid lattice regime of the sample, i. e., here at temperatures below 320 K, the 7 Li NMR spectra consist of a single dipolarly broadened, almost purely Gaussian shaped line. At this temperature Li diffusion is too low to affect the line width of the spectrum. This drastically changes when the Li jump rate reaches the order of the NMR line width. As a result of rapid Li exchange processes taking place at elevated temperatures, (homonuclear) dipole-dipole interactions are increasingly averaged leading to the typical motional narrowing of the line. Here, with rising temperature the shape of the NMR line gradually changes into a pure Lorentzian. At intermediate temperatures the NMR lines seem to show the characteristics of a two-component line shape indicating distinctly mobile Li ions. As expected for an amorphous solid this might point to a heterogeneous dynamics present being similar to that found in other structurally disordered, glassy materials [19, 22] .
Plotting the NMR line width, i. e., the full width at half maximum (FWHM), as a function of T , it can be seen that motional narrowing sets in at approximately 7 Li NMR line width (full width at half maximum, fwhm) as a function of temperature. The onset of motional narrowing is observed at T mn ≈ 360 K and points to an activation energy of approximately 0.6 eV when estimated using the relation introduced by Waugh and Fedin [52] . The solid line is drawn to guide the eye.
T mn = 360 K (see Fig. 2b ). Since the rigid-lattice line width is in the order of some kHz, this points to a mean Li jump rate of approximately 10 3 s −1 at T mn . Using the expression introduced by Waugh and Fedin [52] , an activation energy of about 0.58 eV can be roughly estimated. The Waugh-Fedin expression relates the onset temperature of motional narrowing with the activation energy of the diffusion process and is given by: E a,mn /eV = 1.67 × 10 −3 · T mn /K. In contrast to line shape measurements, 7 Li NMR relaxometry provides a better quantitative access to Li diffusion parameters in solids. In the Arrhenius diagram of Fig. 3a 7 Li NMR SLR rates recorded in the laboratory (1/T 1 ) as well as in the rotating (1/T 1ρ ) frame of reference are shown as a function of inverse temperature. In each case the SLR NMR rate was obtained by fitting the corresponding magnetization transients with stretched exponentials. As an example, in Fig. 3b typical ( T 1ρ ) γ ). Interestingly, the stretching exponent γ turned out to scatter around a mean value given by γ m = 0.5. Hence, all fits were performed with a fixed stretching parameter γ = γ m . Most likely, γ m = 0.5 points to localized relaxation centres such as paramagnetic impurities, see, e. g., Refs. [53, 54] .
Contrary to the SLR ρ rates in the rotating frame of reference, the 1/T 1 rates measured at 77.7 MHz are governed by non-diffusive background relaxation over almost the whole temperature range covered (see Fig. 3a ). This manifests in a weak temperature dependence which can be described in terms of a power law 1/T 1,nd ∼ T α with α ≈ 0.6 (dotted lines in Fig. 3a) . Most likely, it is, to a certain degree, caused by spin-diffusion (i. e., flip-flop processes) due to paramagnetic impurities which are also responsible for the stretching of the corresponding (non-exponential) transients. Furthermore, lattice vibrations or localized (i. e., non-translational) motions, for example, might contribute to the low-temperature NMR SLR rates 1/T 1 and 1/T 1ρ , respectively. Whereas for pure spin-diffusion, 1/T 1,nd is expected to be independent of T , strictly localized motions, in the sense of being the analogy of the well-known nearly constant loss (NCL) phenomenon in dielectric spectroscopy [55] [56] [57] [58] [59] , would lead to 1/T 1,nd ∼ T α with α → 1 [60] [61] [62] . For comparison, NMR SLR solely induced by lattice vibrations is expected to yield 1/T 1,nd ∼ T 2 [63, 64] . At temperatures above 410 K the SLR rates shown in Fig. 3a are increasingly influenced by translational Li ion diffusion processes. Therefore, the beginning of the low-temperature flank of the corresponding rate peak shows up. Provided the SLR NMR rates are induced by Li diffusion processes, reducing the Larmor frequency should shift this flank towards lower temperatures. According to the model introduced by Bloembergen, Purcell and Pound [65] the rate 1/T 1 on the low-T flank, that is, in the limit ω 0 τ 1, is expected to show a quadratic frequency dependence. The same dependency shows up when ω 0 is replaced by ω 1 , i. e., when the resonance frequency in the MHz regime is replaced by a locking frequency being in the order of some kHz [24] . As can be clearly seen in Fig. 3a , at T > 265 K the corresponding NMR SLR ρ rates probed in the rotating frame of reference exhibit a pronounced diffusioninduced low-T flank following Arrhenius behaviour 1/T 1ρ,diff ∝ exp(−E a /k B T ) with an activation energy of approximately E a = 0.56 eV (see the dashed line in Fig. 3a) . However, up to T = 450 K no 7 Li NMR SLR ρ maximum shows up. This might emerge at temperatures higher than 500 K. Below 250 K a non-diffusive background contribution is observed; the corresponding rates 1/T 1ρ,nd depend only weakly on temperature, which is practically the same behaviour as found for the SLR rates recorded in the laboratory frame of reference (see above).
Assuming that the parameters describing the temperature dependencies of the SLR rates found, viz E a and α, i. e., of both the diffusion-induced and the non-diffusive contribution, are the same for 1/T 1 and 1/T 1ρ a joint fit can be applied to the two data sets. The solid lines in Fig. 3a represent such a fit using a sum of the two contributions 1/T 1(ρ) = 1/T 1(ρ),diff + 1/T 1(ρ),nd , linking the parameters E a and α. Here, it turned out that E a = 0.57(1) eV and α = 0.6(2). However, since SLR NMR and SLR ρ NMR probe diffusion parameters on different length scales, the slope of the low-T flank of the SLR NMR rates, being sensitive to short-range Li motions, might be smaller than E a found for the corresponding flank of the SLR ρ NMR rate peak. Indeed, a dependence of E a on the time window used to study Li dynamics has also been found for spodumene (LiAlSi 2 O 6 ) studied by both NMR and ac impedance spectroscopy [66, 67] .
In Fig. 4a 7 Li SAE NMR (normalized) decay curves S 2 (t p , t m ) are presented which have been recorded at fixed preparation time, t p = 10 μs. Normalization means that the curves were scaled such that echo intensities range between 0 and 1. The echo amplitudes S 2 (t p , t m ) recorded at different temperatures can be well described by stretched exponentials according to
As in the case of the NMR SLR ρ measurements, the (fractal) stretching exponent turned out to scatter around a mean value γ m = 0.5. Consequently, we used a fixed (temperature independent) stretching exponent (γ = γ m , see solid lines in Fig. 4a ) to extract the echo decay rates 1/τ(T). These are shown in Fig. 4b using an Arrhenius representation.
As can be clearly seen, the overall rate 1/τ is composed of two contributions and can be well described as a sum of the individual rates 1/τ and 1/τ
1/τ as well as 1/τ follow Arrhenius behaviour 1/τ
. While 1/τ shows a strong temperature dependence characterized by E a = 0.56(3) eV which is, within the error given, identical with that probed by SLR ρ NMR (see above), the rates 1/τ dominating echo decay at low temperatures point to an activation energy of only 0.09(1) eV. Since an almost temperature independent decay rate would be expected to account for spin-diffusion effects, as mentioned above, one might propose to identify the rate 1/τ with a (quadrupolar or dipolar) SLR rate. Although such a rate is expected to be larger than the independently measured rate 1/T 1 , the temperature dependencies of these SLR NMR rates should be comparable. Here, however, 1/T 1 (as well as 1/T 1ρ ) reveals a much weaker temperature dependence (see above). Thus, 1/τ seems to contain additional information on the Li dynamics present at low temperatures which are masked in the case of 1/T 1 (and 1/T 1ρ ). In view of the fact that the associated activation energy is rather low (less than 0.1 eV), (weakly activated) localized (or caged) motions rather than long-range transport might be responsible for the process characterized by 1/τ . Interestingly, the activation energy probed is very similar to that of the strictly localized two-site jump processes in crystalline spodumene (LiAlSi 2 O 6 ) [44] . Further SAE NMR measurements carried out at different resonance frequencies might help to clarify the origin of the low-temperature echo decay.
Impedance spectroscopy
Long-range, i. e., end-to-end ion transport can be probed by conductivity measurements. Typical impedance spectra of the gas-phase synthesized amorphous oxide are shown in Fig. 5a where the real part, σ, of the complex conductivity is shown as a function of frequency. Typically, the spectra consist of three regimes. At low frequencies polarisation effects, due to blocking electrodes applied, lead to a decrease of σ, while at high frequencies a dispersive regime is observed. At intermediate frequencies distinct frequency-independent plateaus show up being characteristic of successful ion hops in the oxide studied.
The corresponding conductivity values, depicted in Fig. 5b , were read out at the saddle point of the impedance spectra. In a good approximation they can be identified with the dc-conductivities σ dc . Let us remark that almost identical values were obtained from an analysis of the corresponding Cole-Cole plots which can be constructed when the (negative) imaginary part of the complex impedance, Z , is plotted vs the real part, Z . The intersection of the semicircle with the real axis is given by 1/σ dc . As can be seen in Fig. 5b , σ dc T clearly follows Arrhenius behaviour according to
The fit shown (see the solid line in Fig. 5b ) yields an activation energy E a,σ of 0.80(1) eV. Clearly, this value is much larger than those probed by SLR ρ and SAE NMR. Note that SLR ρ rates have been measured at frequencies comparable to those where the conductivity values have been determined. In the case of SLR NMR one might argue that the rates 1/T 1 are influenced by correlation effects caused by Coulomb interactions and/or structural disorder [68] [69] [70] . Such effects are known to lead to a reduced slope of the rate peak in the limit ω 0 τ 1. This behaviour is accompanied with a sub-quadratic frequency dependence of 1/T 1 on the low-T side of the peak 1/T 1 (1/T). However, since no discrepancy between the activation energies found by SLR ρ NMR on the one hand and SAE NMR on the other hand is found, correlation effects seem to play a minor role in affecting SLR NMR rates measured in the low-T limit here. Instead, ion blocking regions of the particle-assembled structure (see Fig. 1b ) might contribute to the dc-conductivities probed. In contrast, due to the much lower number density of charge carriers in such near-surface regions, NMR data, even when sensitive to longrange motions as in the case of the SAE technique, is mainly sensitive to Li dynamics taking place in the bulk, i. e., in the interior of the particles.
For comparison, when results from bulk ion conductivities are compared with SAE NMR data, quite often good agreement is found [25] . As an example, this similarity has been shown to be valid for polycrystalline garnet-type Li 7 Zr 2 La 3 O 12 [13, 47] investigated quite recently by some of us.
Finally, in Fig. 5b the relatively low Li ion diffusivity and ion conductivity, respectively, found here is compared with results on crystalline and glassy eucryptite LiAlSiO 4 [71] as well as glassy spodumene LiAlSi 2 O 6 [72] (see also Refs. [73, 74] ). Interestingly, although the sample studied turns out to be X-ray amorphous, ion conductivities probed resemble that of crystalline LiAlSiO 4 rather than that of the glassy counterpart. Once again this might simply be explained by a large influence of ion blocking regions between the globular particles. As indicated by the impedance spectrum recorded at 434 K, a second frequency-independent plateau might show up at larger frequencies reflecting bulk data. Regarding the activation energies deduced from SLR ρ NMR and SAE NMR, the value of 0.56 eV found for the non-stoichiometric amorphous oxide studied here is reasonably consistent with the trend shown in Fig. 5b. 
Conclusion and outlook
Li dynamics in a gas-phase synthesized non-stoichiometric Li-Al-Si-oxide was complementarily investigated by NMR and impedance spectroscopy. The activation energy deduced from 7 Li NMR SLR rates probed in the rotating frame of reference (0.56 eV) is in very good agreement with that probed by mixing-time dependent 7 Li SAE NMR being sensitive to long-range Li motions. Thus, the two methods do obviously probe the same diffusion process in the metastable oxide. Together with results from NMR line shape measurement, the findings reveal moderate Li diffusivity in the structurally disordered oxide investigated. The analysis of variable-temperature impedance spectra point to a Li transport process being characterized by an even higher activation energy of approximately 0.8 eV.
Interestingly, the low temperature SAE NMR decay rates indicate weakly activated localized Li motions characterized by 0.09 eV. Further frequency-dependent SAE NMR measurements as well as the acquisition of low-T impedance spectra might help characterize this dynamic process in more detail.
